The purpose of our study was to determine the functional role of microRNA (miR)-16 in chronic inflammatory pain and to disclose its underlying molecular mechanism.
Background
Inflammatory pain results from chronic inflammation that is initiated by tissue damage and inflammation secondary to a noxious stimulus. It is characterized by allodynia and hyperalgesia both at the site of damage and in adjacent tissue. Inflammatory pain impacts daily life of patients by altering general functions and activity, often leading to motor disabilities, and may also affect the prognosis of patients [1, 2] . Currently available medication options for inflammatory pain are conventional analgesics, such as nonsteroidal anti-inflammatory drugs. However, the treatment is only partially effective and may be accompanied by serious side effects, making it become a major clinical problem [3] . Therefore, it is very important to identify novel targets and effective strategies for treatment of inflammatory pain.
MicroRNAs (miRNAs) represent a group of small noncoding RNAs with 18-23 nucleotide sequences. They negatively regulate multiple gene expressions at post-transcriptional levels and moderately promote mRNA degradation by annealing to complementary sequences in the 3' untranslated regions (UTRs) of target mRNAs [4] [5] [6] [7] . Many miRNAs have been found in the nervous system [8, 9] , and their functional roles in the development and pathophysiology of the nervous system have received much attention recently [10] . Down-regulation of microRNAs, such as miR-10a, -29a, -98, -99a, -124a, -134, and -183, has been shown in the trigeminal ganglion (TG) following inflammatory muscle pain induced by complete Freund's adjuvant (CFA) in rats [11] . Additionally, decreased levels of miR-96, -182, and -183 were also described in the dorsal root ganglion (DRG) of rats in a model of chronic neuropathic pain [12] . Moreover, increased levels of miR-155 and miR-223 were detected in the mice after inflammatory pain induced by facial carrageenan injection [13] . However, little is known about the underlying specific molecular mechanisms of miRNAs regulation.
In the present study, we aimed to investigate the functional role of miR-16 in the inflammatory pain induced by CFA in rats, as well as the underlying molecular mechanisms of miR-16 regulation on target genes. Our study might provide new insight into the treatment of inflammatory pain.
Material and Methods
Animals and inflammatory pain model Fifty 6-week old male Wistar rats (180-200 g) were obtained from Shanghai Laboratory Animal Center (Shanghai, China). The rats were housed individually in temperature-controlled micro isolator filter cages (25±2°C) under a 12-h light-dark cycle, with free access to food and water. The animals were acclimatized for at least 7 days before the experiment. The experiments were approved by Ethics Committee of our university and were performed in accordance with National Institute of Health (NIH) Guide for the Care and Use of Laboratory Animals. Inflammatory pain was induced by intra-plantar injection of 100 µl CFA (oil: saline=1: 1; Sigma-Aldrich, St. Louis, MO, USA) into the plantar surface of the right hind paw under general anesthesia. As a control, the same volume of saline was injected into the right hind paw. All the rats were sacrificed under deep anesthetized with 10% chloral hydrate (400 mg/kg) on day 14 after injection of CFA, and the L4-L6 dorsal spinal cords were obtained for further analysis.
Vector construction and transduction
The miR-16 lentivirus expression vector pWPXL-miR-16 was constructed and synthesized by Sangon Biotech Co., Ltd. (Shanghai, China) based on the manufacturer's instructions. The pri-miR-16 sequence was amplified from normal genomic DNA and inserted into the pWPXL vector. Full-length RAB23 cDNA was amplified from the total RNA of the tissues by reverse transcriptase PCR, and cloned into the eukaryotic expression vector pcDNA3.1 (Invitrogen). A blank plasmid was used as a control. The vector was identified by the double endonuclease restriction of BamH I and Xho I. Lentivirus expression plasmids (pWPXL-miR-16 or pcDNA3.1-RAB23) were co-transfected into HEK293T cells using Lipofectamine 2000 (Invitrogen).
Intrathecal cannulation and drugs administration
The rats underwent intrathecal cannulation as described before [14] . Briefly, the animals were anesthetized with pentobarbital sodium (40 mg/kg intraperitoneally). After a 3-cm dorsal midline incision was made at the level of the T3-T4 vertebrae, a polyethylene catheter (PE-10, Clay-Adams, Parsippany, NJ, USA) was implanted into the subarachnoid space of the lumbar and sacral enlargement. The polyethylene catheter was filled with normal saline. MiR-16 (20 μL), RAB23 (20 μL), or SB203580 (30 nmol/10 μL, Sigma, St. Louis, MO, USA) was delivered via the intrathecal cannula with the help of an automatic microinjection device for 4 continuous days. After administration of these drugs, the muscles and skin were sutured and the rats were housed in individual cages to recover.
Behavioral tests
The animals received pretesting for at least 3 consecutive days before the operation and at 0 h, 4 h, 1 d, 4 d, 7 d, and 14 d after the injection. For the mechanical hyperalgesia testing, von Frey filaments (Stoelting, Kiel, WI, USA) were used. A series of gradually increasing pressures was applied to the hind paws of the animals. The pressure was applied for 5-6 s for 10 times each filament. The minimal force that initiated paw withdrawal was recorded as the mechanical withdrawal thresholds (MWTs). For the thermal preference testing, a radiant heat (BME-410A, Beijing, China) was placed under the plantar surface of the hind paw. Each hind paw was tested 3 times with an interval of 3 min. The thermal withdrawal latencies (TWLs) were recorded when the hind paw was withdrawn from the heat source with an interval of 40 s to avoid tissue damage. For the cold allodynia testing, a drop of acetone was gently applied to each hind paw with a syringe connected to a thin polyethylene tube. A brisk paw withdrawal response was considered as a sign of cold hyperalgesia. The test was repeated 3 times with a 5-10 min interval between each test.
Cell cultures
The mouse neuroblastoma and rat neuron hybrid ND8/34 cell line obtained from Sigma-Aldrich (St. Louis, MO, USA) was used in our experiment. The cells were cultured in Dulbecco's modified Eagle's medium (DMEM, GIBCO Laboratory, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS) (Life Technologies), 100 U/mL penicillin (GIBCO), and 100 μg/ml streptomycin (GIBCO) at 37°C in an atmosphere of 5% CO 2 .
Target prediction
MiR-16 target sites on the 3'UTR of potential target genes were predicted by bioinformatics analysis using TargetScan 6.2 (http://www.targetscan.org) and/or microRNA.org (http:// www. microrna.org).
Luciferase reporter assay
The pMIR-report-3'UTR plasmid for the RAB23 gene was constructed. The wild-type (WT) or mutated (Mut) RAB23 3'-UTR sequence was isolated, amplified, and subcloned into the region directly downstream of a cytomegalovirus promoter-driven firefly luciferase cassette in a pMIR-report vector (Cambridge, MA) at the SpeI and HindIII sites. For the reporter assay, ND8/34 cells were transfected with 0.5 μg pMIR-RAB23 3'UTR-WT or pMIR-RAB23 3'UTR-Mut and 50 nM antisense oligonucleotide (ASO)-miR-16, ASO-negative control (NC), miR-16 mimics, and corresponding NC (Sangon Biotech Co., Ltd., Shanghai, China) using the Lipofectamine 2000 reagent (Invitrogen) at 70-80% cell confluence. At 48 h post-transfection, luciferase activity was assessed by using the dual-luciferase activity assay system (Promega, Madison, USA) according to the manufacturer's instructions. Firefly luciferase activity was normalized to Renilla luciferase activity. Tests were performed in triplicate.
Quantitative real-time (qRT-PCR)
Total RNA, including miRNA, was extracted from the tissues and ND8/34 by using a mirVana miRNA Isolation Kit (Ambion, Inc., Austin, TX, USA) according to the manufacturer's instructions. Complementary DNA (cDNA) was synthesized from 1 mg of total RNA by using TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems, Darmstadt, Germany) with reverse primer. QRT-PCR was performed to validate the miRNA expression of miR-16 and mRNA expression of RAB23 and p-p38 using the SYBR Green reaction kit (Roche, Basel, Switzerland) according to the manufacturer's instructions. U6 snRNA and GAPDH were used as an internal control for the expression of miR-NA and mRNA, respectively. The relative expression levels of the genes were analyzed using 2 -DDCT method. All experiments were run in triplicate.
Western blotting
Tissues were sonicated in the lysis buffer and centrifuged. The protein concentration was determined using the BCA Protein Assay Kit (Thermo Scientific, Pierce Protein Research Products, Rockford, USA). The protein samples were resolved by 10-12% sodium dodecyl sulfonate (SDS) -polyacrylamide gel electrophoresis (PAGE) and then transferred to polyvinylidene fluoride (PVDF) membranes. Thereafter, the membranes were blocked with 5% nonfat milk and incubated overnight at 4°C with antiphosphorylation-p38 (p-p38) antibody (1:500; Cell Signaling), followed by horseradish peroxidase (HRP)-conjugated secondary antibodies (Cell Signaling). Anti-GAPDH antibody (Cell Signaling) was recorded as a reference. The membranes were then assessed using enhanced chemiluminescence and densitometric analysis. The data were analyzed by NIH Image J software (NIH Image, Bethesda, MD, USA).
Statistical analysis
All data are expressed as mean ± standard deviation (SD). The results were analyzed by the non-paired or paired Student's t-test. All statistical analyses were performed using Statistic Package for Social Science (SPSS, version 18.0, SPSS Inc., Chicago, Illinois, USA) statistical software. P-value of <0.05 was considered to be statistically significant.
Results

MiR-16 alleviated inflammatory pain induced by CFA
To investigate the functional role of miR-16 in the inflammatory pain, we first analyzed the expression levels of miR-16 in the tissues by using qRT-PCR. As indicated in Figure 1A , the results showed that the expression levels of miR-16 were significantly reduced at 1 d (P<0.05), 4 d (P<0.01), 7 d (P<0.05), and 14 d (P<0.05) compared to 0 h after injection of CFA, with the lowest level at 4 d. However, no significant differences were found at 4 h after CFA injection. The results indicated that miR-16 might play a significant role in inflammatory pain. To better understand the biological functions of miR-16 in the inflammatory pain, we performed intrathecal injection of miR-16 via the intrathecal cannula. The effects of miR-16 on behavioral tests including hind paw withdrawal responses to mechanical, thermal, and cold stimulation were determined. We found that the MWTs, TWLs, and frequency responses to cold stimulation were statistically reduced by CFA; however, application of miR-16 significantly increased the MWTs, TWLs, and frequency responses to cold stimulation compared to the CFA group at 1 d, 4 d, 7 d, and 14 d after injection (all P<0.05) (Figure 1B-1D) . These results suggested that miR-16 could alleviate CFA-induced inflammatory pain.
RAB23 aggravated inflammatory pain induced by CFA
RAB23 has been reported to be a critical negative regulator of the Sonic hedgehog (SHH) signaling pathway [15] that modulates nociceptive sensitization [16] . A previous study has suggested that blocking SHH signaling prevents the development of morphine analgesic tolerance in a model of inflammatory pain [17] . Therefore, we explored the functional role of RAB23 in the inflammatory pain induced by CFA. The mRNA expression levels of RAB23 in the tissues were assessed by qRT-RCP. As shown in Figure 2A 
RAB23 was a direct target of miR-16
Since both miR-16 and RAB23 were involved in inflammatory pain, we therefore speculated that RAB23 might be a target gene of miR-16. To predict whether the RAB23 gene mRNA 3'-UTR might contain a miR-16 binding site, TargetScan 6.2 and microRNA.org were used in our study to confirm the prediction. Our results indicate that the 3'-UTR of RAB23 mRNA comprises several predicted miR-16-binding sites ( Figure 3A) . To validate whether RAB23 was indeed regulated by miR-16, ND8/34 cells were used and the reporter plasmids (RAB23 3'UTR WT or Mut) were generated. The luciferase reporter assay showed that the relative enhanced green fluorescent protein (EGFP) intensity was significantly decreased by co-transfection of miR-16 mimic with RAB23 3'UTR WT in ND8/34 cells, but was significantly increased by co-transfection of ASO-miR-16 with RAB23 3'UTR WT compared with their corresponding control groups (both P<0.05). No significant differences were found by co-transfection of miR-16 mimic or ASO-miR-16 with Mut ( Figure 3B, 3C) . We further investigated the regulative relationship between RAB23 and miR-16 by using qRT-PCR and Western blotting. The results demonstrated that both the mRNA and protein levels of RAB23 in ND8/34 cells were significantly downregulated by transfection of miR-16 mimic but were significantly upregulated by transfection of ASO-miR-16 (P<0.05 or P<0.01) ( Figure 3D-3F ). These results suggested that miR-16 inhibits the expression of RAB23.
MiR-16 alleviated inflammatory pain by inhibition of p38 MAPK
We explored whether the effects of miR-16 on inflammatory pain were involved in signaling pathways. Previous studies have suggested that the p38 MAPK signaling pathway is activated in inflammatory pain [18, 19] . Therefore, we hypothesized that the effects of miR-16 on inflammatory pain may be related to the p38 MAPK pathway. To confirm this hypothesis, we assessed the expression levels of p-p38 in the tissues after injection. In line with previous studies, we also found that expression levels of p-p38 were significantly increased by injection of CFA at 1 d, 4 d, 7 d, and 14 d after injection (all P<0.01) ( Figure 4A ), confirming the activation of p38 MAPK in inflammatory pain. Then we applied SB203580, the inhibitor of p38, to the rats on the basis of overexpression of miR-16. The behavioral tests at 4 d after CFA injection were analyzed. As shown in Figure 4B -4D, administration of SB203580 could significantly reduce pain response and raise pain threshold (MWTs, TWLs, and frequency responses to cold stimulation) on the basis of miR-16 compared to only administration of miR-16 (all P<0.05). These results suggested that miR-16 alleviates inflammatory pain by inhibition of p38 MAPK.
Discussion
In the present study, we investigated the functional role of miR-16 in inflammatory pain and explored its underlying associated mechanism. The results indicate that miR-16 is significantly decreased in CFA-induced inflammatory pain. Additionally, we demonstrat that RAB23 is a target gene of miR-16 and is negatively regulated by miR-16. Administration of miR-16 or RAB23 via intrathecal injection can release the pain response and raise the pain threshold. Furthermore, we found that miR-16 alleviates inflammatory pain by inhibition of the p38 MAPK signaling pathway. These results show that overexpression of miR-16 may be a new target for treatment of inflammatory pain. 
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Chronic inflammatory pain is still a severe clinical problem, and the underlying specific molecular mechanisms remain largely unknown. Recently, the critical role of miRNAs in pain has received substantial research interest. Many miRNAs have been identified to be expressed at low levels [11, 12] or high levels [13] in pain. However, little research has been conducted on the functional role of miR-16 in inflammatory pain. Therefore, in our study we aimed to clarify the effect of miR-16 on inflammatory pain as well as the underlying associated mechanisms. We first induced a model of inflammatory pain by intra-plantar injection of 100 µl CFA and evaluated the expression pattern of miR-16 in the inflammatory samples. The data showed that miR-16 was down-regulated in the inflammatory samples, suggesting that miR-16 might play a significant role in the inflammatory pain. To prove the assumption, we next analyzed the behavioral test results after injection of CFA and intrathecal injection of miR-16. The threshold of mechanical hyperalgesia, the latencies of hyperalgesia, and frequency of cold hyperalgesia were all significantly increased compared to the CFA group, indicating a release of pain by overexpression of miR-16.
To explore the underlying molecular mechanism through which miR-16 alleviates CFA-induced inflammatory pain, we predicted that RAB23 gene mRNA 3'-UTR might contain a miR-16 binding site. RAB23, first identified in 1994, is a member of the Rab family of monomeric small guanosine triphosphatases (GTPases). It has been reported that RAB23 is involved in small GTPase-mediated signal transduction and intracellular protein transportation [20] . It is expressed ubiquitously in a variety of tissues, but with the predominant expression in the brain [21, 22] . In addition to the functional role in embryonic development, RAB23 has been reported to be involved in gastric cancer [23, 24] , hepatocellular carcinoma [25] , breast cancer [26] , and renal disease [27] . Zhang et al. found that miR-367 inhibits the invasion and metastasis of gastric cancer by directly suppressing the expression of RAB23 [24] . In addition, RAB23 is an important negative regulator of the SHH signaling pathway [15] that regulates nociceptive sensitization [16] . Therefore, we speculated that RAB23 might be involved in the development of inflammatory pain. We assessed the mRNA levels of RAB23 in inflammatory pain and determined the effect of RAB23 in behavior tests. Our data suggest that RAB23 is significantly increased in inflammatory pain, confirming the functional role of RAB23 in inflammatory pain. After administration of RAB23 via intrathecal injection, we observed that RAB23 significantly aggravated the pain response and reduced the pain threshold. Moreover, our bioinformatic algorithms results showed that the 3'-UTR of RAB23 mRNA comprises several predicted miR-16-binding sites, demonstrating that RAB23 is one of the target genes of miR-16. To further verify the relationship between miR-16 and RAB23, the expression mRNA and protein levels of RAB23 were investigated when the levels of miR-16 were overexpressed or silenced. The data confirmed that the levels of RAB23 were inversely correlated with miR-16. Taken together, the above results suggest that miR-16 alleviates inflammatory pain by negatively regulating the expression of RAB23.
It has been well-documented that activation of p38 MAPK is involved in inflammatory pain [18, 28] . An increase in the levels of p-p38, the active form of p38, has been reported in inflammation and neuropathic pain [29] [30] [31] . Inflammatory pain could be treated by inhibition of the p38 MAPK signaling pathway [32, 33] . SB203580, an inhibitor of p38 MAPK, can relieve mechanical allodynia and thermal hyperalgesia [34] . In line with the above studies, our research also showed a significant increase in the levels of p-p38 in inflammatory pain. To verify that miR-16 alleviated inflammatory pain involving with the p38 MAPK signaling pathway, we simultaneously administrated SB203580 and miR-16, and then the behavioral tests at 4 d were analyzed. Our data showed that SB203580 enhanced the analgesic effect of miR-16 and raised the pain threshold compared to only administration of miR-16, demonstrating that miR-16 alleviates inflammatory pain by inhibition of p38 MAPK.
Conclusions
Our results suggest that miR-16 alleviates inflammatory pain by targeting RAB23 and inhibiting p38 MAPK activation.
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